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Abstract: The recent dry years in Europe have illustrated the urgent need to secure agricultural yields. In order to achieve good
plant growth without overusing resources such as water or fertilizer, the approach to the improvement of the soil could be a good
alternative. Winter wheat is the most common cultivated crop in northern Germany. For this reason, a new organic soil
amendment based on tree compartments and one with polymers for water retention were tested for their effectiveness in reducing
effects of drought stress during three vegetation periods (2016-2018). It was examined whether their use can reduce or substitute
irrigation and leads to better yields. The experiments were carried out in controlled nursery conditions with 8 replicates and under
two irrigation regimes, well-watered with 64 1/m? in 4 month and controlled water restriction (9,6 I/m? in 4 month) during
vegetative growth. Biometric plant parameters such as the SPAD (single-photon avalanche diode) value, plant height, over- and
underground biomass and grain yield were used to compare the variants. Initially, both components were tested separately to be
used in combination in the second and third year. When both amendments were used, results showed same plant heights, 10%
more biomass and 25% more yield by water deficit compared to treatments without additives. The organic component promoted
the chlorophyll value from 35 to 45. The experiments showed that this both soil amendments can lead to a grain yield of 70%
compared to irrigated variants and to good wheat growth during drought.
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for commercial purposes in which less precipitation falls.

In fact, water availability is often a key factor limiting plant
growth, productivity and survival [6]. Too little water can lead
to drought stress symptoms in plants. Plants’ ability to
withstand this varies from species to species [7]. The negative
impacts of drought on yield mainly depend upon the severity
of the stress and the stage of plant growth. Drought stress
significantly reduces growth, the SPAD (single-photon
avalanche diode) index and grain yield compared to irrigation
[8]. For example, winter wheat shows a high tolerance to its
environmental conditions, but reacts with reduced
photosynthesis to water deficit [9].

There are numerous studies on the effects and
characteristics of water deficiency in different plants. Results
of Ozturk & Aydin suggest that soil moisture conditions
increase grain yield and kernel weight of winter wheat but
decrease its quality [10]. Fahad et al [7] found out that
drought-induced reduction in the yield might be due to various

1. Introduction

By 2050, the global population is expected to increase up to
9.8 billion or even 11 billion people [1, 2]. Such population
numbers imply a growing need for food, i.e. the yield of all
crops have to be improved by 2.5% every year until 2050 to
supply a world population of 11 billion [2]. However, heat and
drought periods threaten grain production [3]. Drought is a
predominant cause of low yields worldwide [4].

In addition to corn, soybeans, millet and rice, wheat is one
of the five most important types of grain. Winter wheat
(Triticum aestivum L.) is the most common crop in Germany.
Hence, drought management is becoming increasingly
important for this region, which is projected to experience
more dry periods in important phases of crop growth [5].
However, many cultivated areas are necessary to feed the
population. It is therefore also necessary to cultivate regions
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factors, such as decreased rates of photosynthesis, mentioned
by Flexas et al. [11], disturbed assimilate partitioning,
mentioned by Farooq et al. [8], or poor flag leaf development,
to read by Blum & Johnson [12].

Yield is basically the complex result of different
physiological processes. The effect of water deficit on wheat
plants in the vegetative development phase has already been
the subject of several studies. Blum & Johnson collected data
on root dry matter distribution, soil moisture status, midday
leaf water potential, leaf relative water content and parameters
of plant growth and yield [13]. Their results indicated that
drought stress significantly decreased the leaf water potential
and relative water content of wheat, which had pronounced
effects on the photosynthetic rate. Leaf and canopy
temperatures increased which might have occurred due to
increased respiration and decreased transpiration resulting
from stomatal closure. Finally, Balla et al. also showed yield
losses caused by drought stress in wheat [14].

Cui et al. conducted trials in China to investigate the effects
of water deficit on the vegetative growing season of winter
wheat [15]. In the vascular experiments with two winter wheat
varieties, they found that a lack of water had a significant
impact on the yield of wheat plants, measured by the reduced
number of ears. Baher et al. [16] and Colom & Vazzana [17]
found that the above-ground biomass weighed negatively in
relation to water stress in plants. Weigel & Manderscheid
showed that a lack of water reduced the CO, supply and thus
the photosynthesis rate of the plants [18]. The results of
Rashtbari et al. suggested that soil moisture conditions
increase grain yield and kernel weight of winter wheat but
decrease its quality [19]. However, all studies only analyzed
the impact of drought on the plants and offer few options to
counteract the adverse impacts.

Nevertheless, several options exist to secure agricultural
yields amid water deficit. Management activities concentrate
on irrigation methods, processing techniques, genetic changes
or the use of fertilizer. The aim of various measures is to
provide plants with nutrients and at the same time use water
resources sparingly. However, there is an urgent need for more
water-efficient cropping systems facing large water
consumption of irrigated agriculture and high unproductive
losses via runoff and evaporation [4]. Strategies for precise
and sustainable management of water supply in dry areas must
be developed.

At present, and even more so in the future, the supply of
irrigation is not sufficient for all crops. Irrigation management
will shift from accentuating the importance of production per
unit area towards maximizing the amount of mass produced
per unit of consumed water, i.e. water productivity [20].
Irrigation, however, lowers the groundwater level. It is also
associated with enormous financial expenditures [21]. In
addition, there are long-term negative soil changes, such as
salinization or silting up.

New processing techniques, like microsegregation or the use
of drones for precision farming can also reduce the negative
effects of drought [22-24]. Furthermore, research is also being
carried out on genetically modified cultivars, which are adapted

to changed soil conditions [25]. By cultivating drought-tolerant
and water-saving cultivars, an increase in wheat productivity
can be achieved [26]. According to Bodner et al., the
interactions between plants and soil, particularly in the
rhizosphere, are one way to improve crop water supply [4]. Soil
amelioration products are another means of improving the
conditions for plant growth. These have generally been
designed to make infertile soils arable [27]. An essential
criterion for the approval of soil additives is the content of the
nutrient elements nitrogen, phosphorus, potassium, sulphur,
copper and zinc, as well as basic active ingredients, which must
not exceed certain limits. In addition, maximum amounts for
certain foreign substances and pollutants have been specified
[28]. Examples of soil amelioration products are biochar [29],
charcoal [30], rock powder [31], expanded shale [32] or plastics
such as Styromull [33]. Green manure, mulching or other
organic fertilizers are used to reduce unfavorable physical soil
properties, such as low infiltration or water storage.

Several studies concentrate on the usage of soil
amendments. Saletnik et al. assessed the possibility of using
biochar and ash, resulting in a significant increase in plant
yield and an improvement in soil chemical properties [34].
Vermicompost is also described as an excellent soil
amendment and biocontrol agent, which make it the best
organic fertilizer and more eco-friendly compared to chemical
fertilizers, e.g. [19]. The results of Spaccini et al. confirmed
that ligno-cellulose residues may be effectively recycled as
composting additives in order to enrich mature compost in
aromatic and lignin compounds. Organic additives (sewage
sludge) and inorganic fertilizers were also used to compare the
effectiveness [35]. However, these substrates have a very
one-sided effect, are produced artificially or are very complex
or expensive to produce.

Only a few products concentrate their effects on drought
stress reduction. Akhzari & Pessarakli used a biofertilizer and
urea (as a chemical fertilizer) as water retention additives in
pot experiments with seedlings of vetiver grass [36]. Results
showed that the root dry weight increased significantly as the
soil moisture content, percentage of vermicompost, or urea
addition decreased.

The use of polymeric soil improvers has also been tested in
recent years. These include e.g. Perlite, Igeta, Hydroplus and
other superabsorbents or polymers. In addition to water
absorption, which can lead to better plant and root
development, reduced nutrient leaching from the soil by
polymers is expected [37]. Cross-linked copolymers of
acrylamide and acrylic acid can reversibly absorb up to 250
times their weight in water by increasing the water storage
capacity of the soil [38]. Hydrophilic polymers have
successfully increased the yields of various crops [39].
Improved water storage is considered to be the cause of
prolonged survival of maize and beans, when water is scarce
[40]. Li et al. used a superabsorbent polymer and biofertilizer
on winter wheat plants under drought stress [41]. The results
suggest that a combination of these is a good strategy for
enhancing the efficiency of biofertilizers, which are beneficial
for plants responding to drought stress. Azizi figured out that
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the addition of absorbent hydrophilic polymers by Panicum
antidotale Retz would increase the height in addition to dry
matter production [42]. It can be concluded that the
application of polymers not only influences soil moisture but
also affects soil stabilization. Farrell et al. noticed that water
retention additives have the potential to increase substrate
water availability, leading to greater plant growth and survival
of winter wheat [43]. The effect of the addition of polymers is
most pronounced when the irrigation frequency is low or
medium [40]. Geesing & Schmidhalter evaluated the
effectiveness of sodium polyacrylate to increase soil water
retention and enhance growth of wheat under water deficit
[44]. The biomass and grain yield of plants without water
deficit were increased by the polymer amendment, but
decreased under severe water deficit stress. They concluded
that sodium polyacrylate changes the hydraulic properties of
soils only at high rates of application, but does not alleviate
water deficit stress in wheat plants.

One problem with polymers is the possibility of
bioaccumulation with continuous use in agriculture. The
degradation rates in the environment are low; a mineralization
0f 2.2% of the polymers was observed after 22 weeks by [38].
Barvenik mentioned that acrylamide degrades in the soil
within a few days at temperatures above 20°C [45].
Stabilization is therefore necessary. The high cost of many
polymers has usually restricted their use to high-value crops.

The use of water-storing soil amendments is particularly
interesting for regions with longer periods of drought, such as
northern Germany. Especially regions with sandy soils, like
Brandenburg, will have to take more measures in the future to
maintain the yield. Brandenburg is characterized by its sandy
soil texture and low nutrient content. For this reason, it usually
has a low water storage capacity. This region has an average
annual temperature of 8.7°C and an average annual
precipitation of 557 mm [46]. In the summer months of 2018,
the temperatures exceeded 30°C on more than 25 days [47]
and only 390 mm precipitation fell. In this year, Brandenburg
was also the nationwide leader, with over 2,180 hours of
sunshine (long-term average: 1,634 hours) [48].

To improve the soil properties, soil supplements that
increase the storage capacity for nutrients and water should be
used. So far, mainly fertilizers are in use in Brandenburg.
Experiments with compost, sewage sludge and biochar were
carried out by Yu et al. [49]. Investigated plants included
spring barley [50], quinoa [51] and maize [52]. However, only
effects of individual soil amendments were tested with regard
to drought stress reduction. However, a combination of several
soil amendments is missing. Therefore, this research
concentrates on the combined use of two selected soil
amendments to improve the nutrient content of the sandy soil
as well as the water holding capacity.

The research question is: Can the combined use of an
organic soil supplement and a water-storing polymer improve
Brandenburg's sandy substrate in such a way that the yield and
vitality of plants is guaranteed even in dry periods, or is
irrigation alone sufficient? Winter wheat is chosen as a test
plant, which is the most cultivated cereal in Brandenburg with
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33% of the agricultural area (166,600 hectares) [53].

In order to determine the effect of the soil amelioration
products on the plant growth and grain yield, water deficit
studies with controlled irrigation were carried out. Biometric
qualitative and quantitative characteristics of plants were
expected to be improved by water deficit in the critical
growing phase. Growth improvements were expected to affect
not only the yield, but also the amount of plants and biomass.
The above-ground biomass can be used as straw for bedding
and as raw feed for horses. Plants should not be too high,
because wind throw can then be a problem.

2. Materials and Methods
2.1. Design and Material

Experimental site

The investigations were conducted as outdoor pot trials
under a rain shelter in the field at the experimental station in
Marquardt, 10 km north of Potsdam in Brandenburg (federal
state in the Northeast of Germany). Covers were set up 2.0 m
above the soil surface and extended horizontally beyond the
sides of the plot to protect the pots from rainfall. In order to
initiate conditions of drought stress due to longer dry periods,
water supply was controlled. The investigations were carried
out from the beginning of April (potting the plants from the
field) until mid-July (harvest) during three consecutive years
(2016 to 2018). The effect of reduced water amounts on wheat
plant growth and yield was tested. The water deficit was
initiated in the vegetative phase, which is the most important
phase with the highest impact on crop yield [54].

Design

Two different soil amelioration products (organic (O) and
hydrogel (Pi)) and two irrigation amounts were studied. The
organic amendment (O) had already been successfully used
for re-greening extreme mining dump sites in South Africa,
Greece and Germany [55]. The second soil amendment was a
hydrogel (P) that was a further developed and improved
polymer for increasing the water storage capacity.

Differences in the irrigation scheme were introduced to
study drought stress in detail. A comparable irrigation scheme
to that of Kariuki et al. was used [56]. Four different rows
were conducted. A watered row (W) was irrigated twice a
week. This one was used as a reference for watering the plants
(Table 1). The other rows received very low amounts of water.
The row DS (drought stress) was the reference for long-term
dry periods in Brandenburg. The other pots contained a
mixture of soil and concentrations of O and Pi. To obtain
information about their effects, these two soil amendments
were tested separately during the first year (2016). In 2017, O
was tested together with a customary polymer (P) to obtain
information about a combined effect. In the third year, the
organic soil amendment was used with the improved polymer
from 2016 (Pi) to obtain findings regarding the differences
between the polymers.

The structure of the experiments permitted statements about
the effect of irrigation on the winter wheat plants (comparing
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W vs DS), about the effect of the use of two separate soil
amelioration products on reducing drought stress symptoms
(comparing DS vs DS-Pi vs DS-O, 2016) and their combined
effect (DS vs DS-OP(i), 2017 and 2018).

For information on the different effects of the two
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polymers, a comparison of DS-OP 2017 and DS-OPi 2018
was necessary. Results of the comparison between irrigated
plants (W) and those receiving soil amendments (DS-OP(i))
provide information about the better method to adapt to dry
periods.

Table 1. The different test series (rows) of the experiment.

W DS DS-O DS-Pi

v (e (peee) (e v (prex '
T )\ Tee )\ SEe e )\ e Winter

row wheat

cultivar

LEE) \TEE TELE) \ JELE LELE) \ S

11:1th . pots that Wére Water?d pots with aiwatc?r deficit s e e A e pots with a water @eﬁmt phase and

(irrigation  the whole time / basic phase / basic soil . 0.33% vol. of the improved

. . 5.0% vol. organic soil amendment L
and soil) soil substrate substrate polymeric soil amendment
+ +
2016 Watered Drought stress Drbought stress Dr.ought stress . Opal
soil amendment O soil amendment Pi
2017 Watered Drought stress Drought stress + soil amendment O and a commercial polymer P (DS-OP) Edgar
2018 Watered Drought stress Drought stress + soil amendment O and the improved polymer Pi (DS-OPi)  Edgar
Material changing the textural characteristics of the substrate. That was

The basic substrate soil was taken from the A horizon (0 to

20 cm depth) of a ground moraine in Marquardt on the site of

the Leibniz Institute for Agricultural Engineering and
Bioeconomy (ATB). The characteristics of the soil are listed in
Table 2.

Two different soil amendment products (O and Pi) were
used to promote soil fertility and water storage and thus reduce
the drought stress. Soil amelioration product (O) is an organic
supplement. The natural raw material is mainly wood. It was
attributed with increasing the organic matter content as well as

expected to increase its capacity to deliver water to the plants.
O served as an additional nutrient source (P, K, Mg, N, Ca). In
contrast to vermicompost, it has higher contents of N, P and K.
Furthermore, the manufacturer promises a loosening of the
soil by soil organisms contained within the product, and an
increase in water retention capacity from its fibrous structure
[57]. The organic soil amendment was used at 5% vol., which
shows the best results in preliminary tests [55]. An increase of
above-ground biomass of the grass was already shown with
application quantities of 3% vol.

Table 2. Chemical and physical characterization of the substrate/soil (pH- pH-value, EC: electrical conductivity, OC: organic content; O: organic amendment,

Pi: polymeric amendment.

Substrate pH EC (0] Texture
[-] [uS *em™] [%] Sand [%] Silt [%] Clay [%]

Basic soil substrate 6.3 120 1.3 76 12 12

Soil after the experiment (2016) 6.3 120 1.6 - - -

Soil with 5.0% vol. O after the experiment (2016) 7.0 130 2.6 - - -

Soil with 0.3% vol. Pi after the experiment (2016) 6.6 120 2.2 - - -

Soil with O and P after the experiment (2017) 6.5 140 1.8 - - -

Soil with O and Pi after the experiment (2018) 5.8 90 1.8 - - -

The second amelioration product used (Pi) is a hydrogel. Due
to its chemical composition, it is able to store water and
nutrients. By adding the cross-linked copolymers to the soil
structure, the water storage capacity of the soil can be increased
and thus the water availability for the plants can be improved
[38]. It releases nutrients only slowly. The polymer Pi is
improved in comparison to commercially available
water-storing polymers (P), which was used for comparison in
2017. The improved one is expanded through chemical
processes in terms of its constituents in order to better release
the absorbed water. Therefore, it is stabilized against chemical
and physical degradation. Its optimized grain size is between
0.2 and 0.5 mm. This means that it cannot be easily blown away
and it is not so large that it forms sticky webs. The pH value of

the product is between 4.5 and 5, its density 0.83g*cm-3.
Preliminary tests have shown the best effect with an additional
amount of 0.3% vol. This corresponds to the results of other
studies [42].

Winter wheat varieties Opal (2016) and Edgar (2017 and
2018) were selected. Opal is characterized by medium-yield
characteristics, with the number of grains being above average.
It is assigned to quality group A, as well as showing particular
drought resistance [58]. The seeds for Opal were not available
on the market in 2017. Therefore, in the following two years,
the winter wheat variety Edgar was used, which has similar
properties to Opal. As a B wheat variety, it has a crude protein
value at the A wheat level.

Investigation handling
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For the pot experiments, individual plants from the field were
selected. The wheat plants were taken from an agriculturally
used field in Marquardt at maturity stage 30 in April. Each plant
had 3 stalks at the time of potting. Every row had 4 pots with 4
plants each, so in total there were 16 plants per row. These were
put in plastic pots 25 cm in height and 25 cm in diameter. Each
pot contained 11 L of soil. The ones with soil amendments
contained 5.0% vol. of O and/or 0.3% vol. of Pi.

The substrate in the pots was saturated with water to full
field capacity (FC). The pots were arranged in a
randomized complete block design. The drought stress
treatment started at the three-leaf stage of seedling growth
after 18 to 32 days (Table 3). Depending on the outside
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temperatures (> 28°C), the pots of the trials (DS-x) were
watered while maintaining drought stress of 0 or 100 mL.
Without the addition, the plants would have dried out
completely, because the vessels did not allow for capillary
rise from deeper layers. Irrigation started again 21 to 28
days later at the end in the late terminal spikelet or until the
maximum growth level was reached. The watered plants
regularly received water twice a week. In Table 4, the water
amounts during the experiments are listed. They were
calculated into precipitation values by using the pot surface
area. The average precipitation in Potsdam is 41 mm in
April, 54 mm in May, 67 mm in June and 56 mm in July [59].
So, the irrigation corresponded to these quantities.

Table 3. Timetable of the pot experiments.

2016 2017 2018
1. Repotting the plants 15/04 (32 days) 11/04 (29 days) 19/04 (18 days)
2. Start of water deficit 17/05 (27 days) 10/05 (38 days) 07/05 (21 days)
3. Irrigation restarted 13/06 (35 days) 17/06 (32 days) 28/05 (23 days)
4. Harvest 18/07 19/07 20/06

Plants from each trial were harvested at defined time intervals 62 to 99 days after potting (Table 3). After the experiment, the
soil substrates were analyzed. They showed a change in soil properties based on the application of soil amelioration products
(Table 2), especially an increase in organic matter.

Table 4. Irrigation amounts of the pots from 1 April to 31 July.

Water amount added during water deficit phase [ml]

2016 2017 2018
Watered (W) 4,000 (64.0 mm) 4,000 (64.0 mm) 3,400 (54.4 mm)
Drought stress (DS) 600 (9.6 mm) 600 (9.6 mm) 600 (9.6 mm)
Drought stress and soil amendments (DS-O, DS-P) 600 (9.6 mm) 600 (9.6 mm) 600 (9.6 mm)
Water amount added after water deficit phase [ml]

2016 2017 2018
Watered (W) 4,500 (72.0 mm) 6,000 (96.0 mm) 4,500 (72.0 mm)
Drought stress (DS) 4,500 (72.0 mm) 6,000 (96.0 mm) 4,500 (72.0 mm)
Drought stress and soil amendments (DS-O, DS-P(i)) 4,500 (72.0 mm) 6,000 (96.0 mm) 4,500 (72.0 mm)

Weather conditions

The temperature under the shelter at 2 m height was recorded
hourly by Hobo-Logger. The maximum, minimum and average
night and day temperatures are listed in Table 5: Maximal and

minimal average temperatures under the shelter during the
experiments. The time between 8§ am and 7 pm is the most
important for photosynthesis. 2018 was the hottest year,
especially in the important growing phase in May (Figure 1).

Table 5. Ratio between shoot and root mass of the pots (n = 16) and their water content.

2016 Watered (W) Water deficit (DS)
shoot / root biomass 4.0 2.3

shoot / root dry mass 6.0 32

water content shoot mass 58.7% 55.9%

water content root mass 72.4% 69.1%

2017 Watered (W) Water deficit (DS)
shoot / root biomass 1.8 1.4

shoot / root dry mass 43 32

water content shoot mass 52.8% 57.8%

water content root mass 80.0% 81.6%

2018 Watered (W) Water deficit (DS)
shoot / root biomass 1.5 1.3

shoot / root dry mass 3.0 1.7

water content shoot mass 46.4% 52.3%

water content root mass 73.5% 64.9%

Water deficit with O (DS-O) Water deficit with Pi (DS-Pi)
3.7 42
4.8 43
54.3% 65.1%
64.9% 65.6%
Water deficit with O and P (DS-OP)

1.8

35

60.8%

80.0%

Water deficit with O and Pi (DS-OPi)

1.3

2.0

50.3%

68.6%
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Figure 1. Average temperature for the trial periods in Marquardt, Brandenburg (Germany). Orange shaded area: water deficit phase.

2.2. Methods

After potting the plants, data that would not destroy the
plants were collected weekly, i.e. growth height, chlorophyll
content and soil moisture. After harvesting the plants per pot
(with four plants each), further parameters were determined:
above-ground (shoot) and underground (root) biomass and the
dry mass, as well as the number of grains and their masses.

The data were collected using the following methods.

Soil moisture

The soil moisture was measured weekly (3-4 days after
irrigation) with the ThetaProbe Type ML2x and the logger
Moisture Meter Type HH2. Five measurements per pot were
recorded; the mean values were used for the analyses.

Growth height

The growth height was measured from the soil surface to
the blade tip of the plant. After the ears of the wheat plant were
visible, the height was measured to the end of these. In each
case, the longest stalk per plant was measured.

Chlorophyll value

The SPAD (single-photon avalanche diode) index of the
leaves was recorded by a chlorophyll meter (SPAD-502 Plus,
[60]. The SPAD-502 measures the transmittance of red
(650nm) and infrared (940nm) radiation through the leaf, and
calculates a relative SPAD meter value that corresponds to the
amount of chlorophyll present in the leaf [60]. Relationships
between the chlorophyll concentration and the SPAD values
were non-linear with an increasing slope by increasing SPAD
(r2~0.9) [61]. The measurements were conducted on ten
leaves of all four plants per pot with various degrees of
greenness. The values were averaged per pot.

Shoot und root fresh weight, shoot and root dry weight

The above- (shoot) and below-ground (root) biomass was
measured at harvest. The plants in each pot were cut at the
base and weighed per plant. The roots were separated from the
soil by watering the pot. They were weighed per pot. After the

plants were oven-dried at 105°C for 24 hrs, their dry weight
was measured. The grains were separated and weighed per
plant. The water content was calculated as follows: water
content [%] = biomass [g] - dry mass [g]/ biomass [g]* 100%.

Number and mass of grains

The number of grains per plant and their weights were
determined after harvesting at maturity stage 85. The grains
were counted and weighed after oven-drying at 105°C for 24
hours with a digital scale (Thermotex EMB 1200-1). The
1000-kernel weight was calculated as follows: 1000-KW =
mass (dry) [g]/ number [-]* 1000.

3. Results

This section may be divided by subheadings. It should
provide a concise and precise description of the experimental
results, their interpretation, as well as the experimental
conclusions that can be drawn.

The results of the individual parameters are shown
separately according to the test setup. The results of 2016 with
separate use of O and Pi will be presented first, followed by
the two consecutive years in which the soil amendments were
used together: 2017 with the commercial polymer, 2018 with
the improved polymer. Some initial interpretations of the
results are shown.

Soil moisture

2016:

With weekly irrigation, the soil moisture varied between 5
and 8% vol. (W - watered row). The soil moisture of the pots
under water deficit was lower at all times (Table 6). There was
no notable difference between the moisture content in pots
with and without soil amelioration products. When irrigating
these pots in small amounts, due to the hot outside
temperatures (Figure 1) the increase in soil moisture was
much higher when there were additives in the soil, especially
in soil with O.
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Table 6. Yield data of the winter wheat plants.

2016 Watered (W) Water deficit (DS) Water deficit with O (DS-O) Water deficit Pi (DS-Pi)
grain number [-] 514 (100.0%) 200 (38.9%) 344 (66.9%) 36 (7.0%)
grain mass sum [g] 20.4 (100.0%) 7.4 (36.1%) 14.9 (72.9%) 1.6 (7.7%)
1000 KW [g] 39.8 35.7 42.7 38.6
2017 Watered (W) Water deficit (DS) Water deficit with O and P (DS-OP)
grain number [-] 692 (100.0%) 163 (23.6%) 209 (30.2%)
grain mass sum [g] 20.98 (100.0%) 5.84 (27.8%) 7.34 (35.0%)
1000 KW [g] 28.5 24.7 242
2018 Watered (W) Water deficit (DS) Water deficit with O and Pi (DS-OPi)
grain number [-] 437 (100.0%) 169 (38.7%) 248 (56.8%)
grain mass sum [g] 12.28 (100.0%) 6.07 (49.4%) 9.04 (73.6%)
1000 KW [g] 28.0 36.0 35.5.
2017 and 2018: biomass (Figure 4). In the years 2017 and 2018, the high air

In 2017 and 2018, the soil moisture in pots with weekly
irrigation was around 8% vol. In all other pots, it fell during
the water deficit phase sharply to 4% vol. In 2017, the pots
with additives had 1 to 5% vol. higher soil moisture values
than pots without additives. However, in 2018 with the
improved polymer (P1i) it was the other way around. After the
water deficit phase with weekly irrigation, the soil moisture
was much higher in these pots than without additives.

There are two possibilities to interpret the lower water
content in pots with soil amelioration products. The water
binding of the polymer component is too strong, so that it is
not possible to measure it with ThetaProbe; the plant’s
available water cannot be determined. Another opportunity
involves the more intensive water uptake by plants during
their growing process. This could be seen in the higher

temperatures during the experimental phase (Figure 1) along
with no rain led to high evaporation in the pots. The
measurement of soil moisture was carried out in the upper 5
cm of the pots. This was the area with the highest evaporation.
Due to gravity, the water was more likely to be in the root area.

Plant height

2016:

The plants grew around 50 days in the pots until the
beginning of June. With weekly irrigation, the plants reached
an average height of 71 cm (n=16). Under water deficit stress,
the height was reduced to 55 cm. Component O promoted
effects related to the plants’ height (67 cm). This was only 4
cm lower than that of the plants in the irrigated pots. With use
of component Pi, there was a reduced effect with an average
height of 39 cm visible (Figure 2).
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Figure 2. a-c: Average plant height of the trials (days after potting).
2017 and 2018: June, 57 days (2017) or 41 days (2018) after potting. The

The maximum plant height was reached at the beginning of

irrigated plants had an average height of 70 cm in 2017 and 63
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cm in 2018. Plants with water deficit only reached heights
around 20 c¢cm lower, i.e. 51 cm in 2017 and 40 c¢cm in 2018.
When using both soil amendments, there was no difference in
plant height compared to water deficit without them, but it was
recognized that after renewed irrigation the plants with soil
amendments grew again up to 55 cm in 2017 (Figure 2).

The nutrients contained in additive O could lead to better
growth of the winter wheat plants, despite the water retention
of P. The water retention of the organic component seemed not
to be very strong. There was enough plant available water.
However, the water retention of the polymer (Pi) minimized
the plant height. The combined use of both decreased the
positive effect of the organic component. Additionally, the
application of both promoted shoot and leaf growth in
well-watered plants and increased the shoot-root ratio, which
could be a disadvantage under water stress [62]. Another
possibility is the need for water caused by the higher biomass
(Figure 4) and number of stalks (Table 7).

Chlorophyll values measured by SPAD

2016:

There were identifiable differences in the chlorophyll
values between the different trials. Plants in the substrate of
irrigated pots (W) and in pots with water deficit (DS) showed
more or less the same value, around 50 units (Figure 3). Using
soil amendment products, the chlorophyll values in the wheat
plants were 8 units higher than without them. After maturity
and watering again (10th June), this chlorophyll value was
stable two weeks longer in plants with O or Pi compared to the
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basic substrate soil. This effect continued when using Pi until
the harvest. The stalks were still vital and productive. This
means that isolated stalks of the plants had resumed growth
and thus the ripening process was delayed.

As a result, component Pi as well as component O added to
the soil led to higher chlorophyll values in the winter wheat
plants. This can be caused by the better and continuous supply
of N, as well as the supply of water.

2017 and 2018:

In the following years, no differences in the chlorophyll
values between plants in watered and dry pots with the basic
soil substrate could be identified. Using both amelioration
products, these values were 5 units higher the whole time
(around 50 instead of 45). After irrigation in the maturity
phase, the values increased from 15 to 52 units (Figure 3).

In 2018, when using Pi the chlorophyll value was more than
10 units higher (up to 70) compared to the basic substrate soil
during the whole observation period. Watered plants showed
the most rapid decrease in chlorophyll values. They reached
the maturity phase with chlorophyll values below 10 units.

Both of the soil amelioration products kept the chlorophyll
level high for a longer time. As a result, the light energy of
sunlight could be better absorbed and stored for the
metabolism of wusable chemical energy (ATP
adenosintriphosphate) and as reduction equivalents (NADPH
Nicotinamide  adenine  dinucleotide = phosphate).
Photosynthesis processes were possible for a longer period of
time.
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Figure 3. a-c: Chlorophyll values (SPAD) of winter wheat 2016 to 2018, days after potting.
Number of stalks: 2017 and 2018:
2016: These results showed up again

All wheat plants that were planted in the pots had three
stalks at the beginning, i.e. 12 stalks per pot or 48 per row. The
four watered plants (W) had at the end a total of 22 stalks
(Table 7). Water deficit reduced the stalks to 18. Both soil
amendments increased the number of stalks. Wheat plants that
grew in soil with the organic supplement or in soil with the
improved polymer Pi had around 50% more stalks than the
watered plants (Table 7).

well-watered plants (W) had together 42 stalks. Water deficit
reduced the number by 60%. The usage of both soil
amendments together increased the number of plant stalks by
130% compared to watered plants (Table 7). In the hot year of
2018, however, no big differences between the rows could be
seen. Drought stress reduced the stalk number by 85%. The
soil amendments O and Pi had no effect. Most of the plants
only had one stalk.

Table 7. Number of stalks per pot (p, sum of 4 wheat plants).

w DS DS-0 DS-P
pl p2 p3 p4 sum  pl p2 p3 p4 sum pl p2 p3 p4 sum pl p2 p3 p4  sum
2016 6 7 4 5 22 4 6 4 4 18 6 7 8 8 29 5 10 8 7 30
DS-OP and DS-OPi
2017 11 8 14 9 42 6 8 6 6 26 16 15 11 13 55
2018 6 5 6 4 21 4 4 6 4 18 4 4 5 18
Biomass irrigation method, but the maximum was higher. Pi supported
2016: the above-ground biomass.

The shoot biomass of plants in the irrigated pots (W) was
the highest (181 g, n= 16 plants, Figure 4). A lack of water led
to a reduction in the above-ground biomass and dry matter
down to 46 - 50%. By using the soil amelioration products, the
negative impact of water deficit on biomass production was
reduced. With component Pi, 65 to 77% of the harvested mass
was achieved, with O even 72 to 80% of the irrigated variant.

Irrigation of the plants led to better results in terms of
biomass, but soil amendments also had good results during
water deficit. Through their use, the amount of water saved
was between 45 and 54 mm per month (Table 4).

The distribution of the biomass of all 16 plants indicated the
positive impact of O. The average corresponded with the

Furthermore, a lack of water changed the ratio of
above-ground (shoot) to underground (root) biomass. For
irrigated plants, this ratio was 4.0 (Table 8). However,
conditions under water deficiency triggered the development of
the underground biomass. In this case, the ratio was 2.3. The
addition of the organic component O led to a slight reduction of
the ratio (3.7), which means relatively more underground
biomass. On the other hand, the artificial component Pi led to an
increase of the above-ground biomass (ratio = 4.2). An
influence of the soil amelioration products on the absolute
underground biomass, i.e. root mass, could not be detected.
Component Pi slightly increased the water content of the
above-ground biomass, while component O left it unchanged.

Table 8. Ratio between shoot and root mass of the pots (n = 16) and their water content.

2016 Watered (W) Water deficit (DS)
shoot / root biomass 4.0 2.3

shoot / root dry mass 6.0 32

water content shoot mass 58.7% 55.9%

water content root mass 72.4% 69.1%

2017 Watered (W) Water deficit (DS)
shoot / root biomass 1.8 14

shoot / root dry mass 43 32

water content shoot mass 52.8% 57.8%

Water deficit with O (DS-O) Water deficit with Pi (DS-Pi)

3.7 4.2
4.8 43
54.3% 65.1%
64.9% 65.6%
Water deficit with O and P (DS-OP)

1.8

35

60.8%
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water content root mass 80.0% 81.6%

2018 Watered (W) Water deficit (DS)
shoot / root biomass 1.5 1.3

shoot / root dry mass 3.0 1.7

water content shoot mass 46.4% 52.3%

water content root mass 73.5% 64.9%

80.0%

Water deficit with O and Pi (DS-OP1)
1.3

2.0

50.3%

68.6%

2017 and 2018:

The harvested biomass in 2017 and 2018 confirmed the
results of 2016: Wheat plants with water deficit produced only
56% of the biomass compared to the watered plants. By using
soil amelioration products, above-ground and underground

Biomass production sum
(sum of 4 pots, each with 4 plants, n=16)
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biomass production was almost completely compensated
(75% to 95%) despite the water deficit (Figure 4). In 2018,
even 105% of the biomass was achieved compared to
irrigated plants. This means that the improved polymer (Pi)
had better results than the commercial polymer P.

Above-ground biomass of winter wheat plants
(n=16 plants)
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Figure 4. a-f: Biomass of winter wheat plants.

The analysis of the individual values (Figure 4) confirmed
the increase in biomass production of the wheat plants caused
by the combination of soil amendments. The median of the
results of the improved polymer in 2018 led to more biomass
than the watered row (W).

There was no indication of an influence of soil water
shortage or soil amelioration products on the water content of
the roots. In all experimental years, the ratio between
above-ground and underground dry matter was increased by
the soil amendments (Table 8). Due to the lack of water, the
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ratio of above-ground (shoot mass) to underground biomass
(root mass) was reduced compared to the irrigated row (Table
8). When combining the two soil amelioration products, no
change in this ratio was observed during drought stress in
2018. The water content of above-ground biomass was highest
in plants of the irrigated series. The water content in the plants
with the commercial polymer was higher than in the following
year with the improved polymer.

Effects of the soil amelioration products were also shown in
the water content of the total above-ground biomass,
especially with Pi. When using O alone or in combination with
polymer P, no increase in the water content of the shoot mass
was observed. Differences in the water content of the roots
could not be detected with any of these soil products (see
Table 8).

With regard to the biomass production, it can be concluded
that the use of soil amelioration products could compensate
drought stress in biomass production. In the extremely warm
year 2018, Pi also supported root growth. This resulted in 25%
(root biomass) and 48% (root dry mass) more weight
compared to the irrigated plants.

Grain mass

2016:

The 16 watered plants produced grains with a weight of
20.4 g (Table 9). Drought stress in the vegetative phase
reduced this yield about 37%. Plants in pots with the addition
of Pi delivered only 7% of the yield compared to the irrigated

Organic and Hydrogel Soil Amendments for Winter Wheat Adaption to Drought Stress

row and 20% of the row under drought stress. Using the
organic component O, 70% of the yield of irrigated plants
was achieved, with drought stress up to double the amount
(Table 9).

The 1000-KW as a meaningful variable for the expectable
yield was reduced from 40g (W) to 36g (DS) by water
shortage. The soil amendments increased this 1000-kernel
weight to 39g (polymer) and 43g (organic).

2017 and 2018:

The combined use of the soil amelioration products
increased the yield in terms of the number and mass of grains
compared to drought stress without them. In 2017, the lack of
water caused a loss of more than 72% of the yield. With soil
amendments, 1/3 of the yields of the fully irrigated series
could be achieved. In 2018, the water shortage led to only 39%
(number) or 50% (mass) of the yield using the irrigation
method. Using the improved polymer Pi, over 50% more
grains (56% of the number and 74% of the mass of the
irrigation row) were counted. Nevertheless, the yields were
not as positive as the single use of 5% vol. O in 2016.

The 1000-KW changed in 2017 only slightly with the use of
both soil amelioration products. In 2018, the 1000-KW of the
plants with soil amendments increased compared to the fully
irrigated ones (Table 9). The less developed grains showed a
higher weight. The number of grains was lower, but these
were significantly larger and heavier due to the use of Pi
(Figure 5).

Table 9. Yield data of the winter wheat plants.

2016 Watered (W) Water deficit (DS)
grain number [-] 514 (100.0%) 200 (38.9%)

grain mass sum [g] 20.4 (100.0%) 7.4 (36.1%)

1000 KW [g] 39.8 35.7

2017 Watered (W) Water deficit (DS)
grain number [-] 692 (100.0%) 163 (23.6%)
grain mass sum [g] 20.98 (100.0%) 5.84 (27.8%)
1000 KW [g] 28.5 24.7

2018 Watered (W) Water deficit (DS)
grain number [-] 437 (100.0%) 169 (38.7%)
grain mass sum [g] 12.28 (100.0%) 6.07 (49.4%)
1000 KW [g] 28.0 36.0

Water deficit with O (DS-O)

344 (66.9%)

14.9 (72.9%)

42.7

Water deficit with O and P (DS-OP)
209 (30.2%)

7.34 (35.0%)

242

Water deficit with O and Pi (DS-OP1)
248 (56.8%)

9.04 (73.6%)

35.5.

Water deficit Pi (DS-Pi)
36 (7.0%)

1.6 (7.7%)

38.6

Grains of one plant W-row

Grains of one plant DS-row

b

Grains of plant DS-OPi-row

-
~

Figure 5. a-c: Grains of the plants.

4. Discussion

Authors should discuss the results and how they can be
interpreted from the perspective of previous studies and of the
working hypotheses. The findings and their implications

should be discussed in the broadest context possible. Future
research directions may also be highlighted.

The discussion is divided into three parts examining the
impact of drought stress, soil amendments and irrigation on
wheat plant growth. First of all, the consequences of water
deficit on the wheat plants are discussed (W vs DS). This is
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followed by statements on the effects of the separate use of
each of the two soil supplements during times of water deficit
in 2016 (DS vs DS-O and DS-Pi), in order to then explain their
joint effect (DS vs DS-OP 2017 and DS-OPi 2018).
Differences in the effects of the commercial polymer and the
improved polymer are subsequently discussed by comparing
DS-OP and DS-OPi. For conclusions regarding the superiority
of irrigation or the use of both soil amendments, the results are
summarized in 4.2.

4.1. Impact of Drought Stress and Soil Amendments on
Wheat Plant Vitality

Impact of drought stress

A lot of other research papers have already analyzed the
impact of drought on plant growth rate and nutrient uptake.
The negative impacts of drought on the yield mainly depend
upon the severity of the stress and the plant growth stage. In
this experiment, the water deficit was in the vegetative stage,
in which the grains are trained. Here, water deficit was
initiated in winter wheat plants in the vegetative growing
phase between May and June (Figure 1). The plants with water
deficit received around 54 mm (3.4 L per pot) of water less
than irrigated controls. The temperature under the shelter
reached values up to 40°C. This simulated a dry period in
Brandenburg.

Crop growth and yields are negatively affected by
sub-optimal water supply and abnormal temperatures due to
physical damage, physiological disruptions and biochemical
changes [7].

Also, in this experiment winter wheat plants grew 20 cm
smaller in height and attained half of the biomass compared to
irrigated plants. Drought stress caused reductions in the
growth rate along with a cascade of metabolic changes [63].
The shoot-root ratio decreased by half during water deficit.
These results were similar to those of [64]. They showed that
with water deficit the shoot to root partitioning shifted towards
root growth. However, the existence of compensatory growth
occurring in deeper layers could not be proven. An impact on
the chlorophyll values could not be determined. According to
Cui et al., water deficit during vegetative periods can improve
the photosynthetic capacity of flag leaves during the
reproductive period with the enhanced absorbed light use
efficiency and better adaption to high light intensity, as
indicated by the measured changes [15]. Drought causing
reduction in the yield might be due to various factors,
including decreased rate of photosynthesis, mentioned by
Flexas et al. [65] or disturbed assimilate partitioning [8].

Significant yield losses have been reported in major field
crops [8]. Winter wheat plants in this study showed losses of
66%. If such dry phases occur more frequently in the future, a
change in management is essential.

Impact of soil amendments by separate usage

An impact of either O or Pi on the soil moisture measured in
the uppermost 5 cm was not visible. The positive effect of the
investigated amelioration products on winter wheat plants in
case of water shortage was mainly demonstrated by the
enhanced growth height, chlorophyll values and biomass.

The sole use of the organic soil amendment (5% vol.)
increased the height of the winter wheat plants. There was also
a rise in the number of stalks, and connected with that the
above-ground biomass. These can be caused by the nutrient
supply from O, especially nitrogen and phosphorus [66]. The
nutrients are mainly used in the production of photosynthetic
active biomass and the reproductive organs. This is
particularly evident in the results of the chlorophyll value,
which in all experiments was higher in substrates with the soil
amelioration product O than without (see Figure 3).

As Rashtbari et al. has already shown, that effects of
vermicompost could be attributed to a variety of other factors
(soil microbial structure and activity, mineralization, soil
enzymatic factors) [19]. Other research results report that
fresh and dry weights were also severely reduced under water
limiting conditions [67]. The dry weights of shoots and roots
increased significantly, like Paul & Metzger found out [68],
or were not significantly influenced by vermicompost
additives [69]. Experiments by Rashtbari et al. clearly
indicated that vermicompost may be an efficient plant growth
media for sustainable plant production [19]. Berova &
Karanatsidis mentioned that leaf chlorophyll contents
significantly increased with vermicompost application [70]. In
contrast, a decrease in chlorophyll content using pure
vermicompost was reported by Ali et al. [71]. Results of
Weigel & Manderscheid could not confirm that a lack of
water reduced the CO, supply and thus the photosynthesis rate
of the plants [18].

The supply of the organic additive (O) led to an increase in
grain yields. Despite the water shortage, 70% of the number
and mass of the grains could be achieved by using soil organic
matter, also caused by the higher number of stalks. This is
consistent with research results from Cui et al. [15], who
found that severe water deficit significantly reduced grain
yield due to a strong reduction in the number of stalks as
compared to a control run.

The water-storing capacity of the organic substrate is not
strong, so it is plant available and there is no decreased effect
on the yield results. No effect of O could be detected in the
root biomass or the water content of the plants. The addition of
5% of the component O is considered sufficient. As already
shown in earlier studies by Miinzel & Blumenstein [55],
higher quantities did not lead to improved growth and must
therefore be rejected with regard to economic aspects. Other
research studies have shown controversial results. The
survival capacity of plants may be altered negatively, showed
by Lazcano & Dominguez [72], or significantly enhanced by
the addition of organic supplements [73]. Joshi also noted that
the growth, yield and quality parameters in vermicompost
treatments varied significantly from controls, though
differences between various vermicompost treatments were
not found to be significant [74].

It has been observed that there is no significant difference in
applying higher doses of vermicompost. The lowest dose (5
t/ha) is as effective as higher doses [74]. According to Joshi et
al., vermicompost is an ideal organic manure for better growth
and yield in many plants [75]. Moreover, it may take more
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than two years’ time for an organic farm to improve its soil
health enough to make the growth and yield equivalent to that
of chemical fertilizers. Therefore, O can be used for this and
will lead to better results.

The improved hydrogel soil amendment (0.33% vol.) did
not have such an effect on the plants under water deficit. The
plants were much shorter compared to those under water
deficit and without additives. Therefore, it can be concluded
that there is not enough plant available water for the growth of
productive organs. Due to the hygroscopic effect, the use of
water-storing component P perhaps reduces nutrient
absorption and thus reduces growth. In the vegetative phase,
there may be too little water for the formation of the grains. Pi
led to a reduction in the number of grains and also in grain
mass. A subsequent water supply could not compensate for
this deficit.

In contrast to the reduced height, an increased number of
stalks was measured, and connected with that a higher
absolute above-ground biomass. The higher stalk number did
not lead to a higher number of grains. The plants did not fully
train the reproductive organs. Only 20% of the yield was
reached.

There was also no change in the absolute root biomass.
However, during the determination of the root mass, an
accumulation of roots around the soil amelioration products
could be detected, which ensured the additional supply of
water for the above-ground biomass.

Positive effects of the polymer could be demonstrated in the
plants’ water content, as well as chlorophyll values. When
adding water after a longer dry period, the plants remained
green longer. This illustrates the effect of P as a water-storing
component and thus reversible water release [64]. His results
showed that the water uptake rates increased quickly after
rewatering and exceeded the uptake rate of the non-stressed
treatment about 2 - 3 weeks after the deficit release. Studies of
Geesing & Schmidhalter argued in the same direction, in
which a significant increase in dry matter in wheat was only
achieved if water shortage was avoided by the polymers [44].

The results are not in line with the findings of [42]. In his
experiments, the addition of a polymer increased the height in
addition to increasing dry matter production. Farrell et al.
mentioned that polymers have the potential to increase
substrate water availability and lead to higher plant growth
and survival [43]. They determined that the water-retentive
hydrogel additive increased substrate water-holding capacity,
plant available water and growth of winter wheat. However,
there was no increase in time until wilting in either substrate.
According to Banedjschafie & Herzog, effects of the
polymeric soil improver occurred indirectly through reduced
nutrient leaching in the event of excess rain [40]. Nutrients are
necessary for plant cell growth, and are mainly supplied in this
research by O.

Therefore, the combined use of both the nutrient soil
amendment and the polymer led to better effects.

Impact of the combined use of organic and hydrogel
amendments

In 2017, the organic amendment O (5.0% vol.) was
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combined with a commercial polymer (0.3% vol.). The

combined use of both amendments, however, had no effect on

the height of the wheat plants experiencing a lack of water. An

increased effect of polymers (individually and in combination)
on the growth height of wheat plants was also not evident.

As in the experiment investigating the two components
separately, the number of stalks also increased. The effect of O,
whose sole use reached 80% of the biomass production, was
limited by the water-storing polymer. On the other hand, there
was an increase in underground biomass. The combination of
both components along with reduced irrigation quantities led
to an increase in biomass of about 30% compared to substrates
with no amelioration. Associated with this, the above-ground
biomass also increased in comparison to plants that grew in
untreated soil.

The combined use of both soil amendments also showed an
increase in underground biomass in wheat plants. Sufficient
water supply was available to guarantee the reproduction of
the plants. However, the water content in the biomass did not
change.

After a longer period of water deficit, the substrate
combined with Pi and O had lower soil moisture contents
when fully irrigated, because the growth of the plants was not
yet complete; this is also confirmed by the higher chlorophyll
values. To enable growth despite water shortages, a high
proportion of the development and energy metabolism was
used for chlorophyll production. The chlorophyll levels in
plants with water shortage and the addition of soil
amendments were higher than in continuously irrigated wheat
plants. Senescence occurred with a delay in the first
experimental group mentioned (Figure 3).

The combined use of the organic matter and the
water-storing polymers improved the yield in the case of
drought stress on the plants (see Table 9). In the case of water
shortage in the vegetative phase, O and P produced 50% more
grain mass than without their addition. The number of grains
increased, but their size was significantly smaller. In the
experiments the 1000-KW was increased by the combined use
of both soil amendments. Hence, a moderate water deficit
during vegetative periods is beneficial for yield stability and
can provide a water-saving strategy in winter wheat [15].
However, the positive effect of the organic component is
slightly limited by its combination with the water-storing
component. Lower water availability for the plants could be
one explanation for this.

In summary, the soil amendment O is a very important
source of nutrients. In combination with the polymer, wheat
plants showed improvements in their growth parameters. Also,
O alone achieved growth enhancement and increased
chlorophyll values.

Impact of polymer improvements P and Pi

Comparing the effects on the plant growth using
commercial (2017) and improved polymers (2018) together
with O allow statements to be made about the effectiveness of
the two different polymers.

Both polymers had no effect on height with a lack of water.
There were also no differences in the water content of the
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above-ground biomass. In contrast, results showed an increase
in the number of stalks due to the commercial polymer. The
improved polymer, however, did not increase the number of
stalks. It could not be clarified whether this was due to the dry
year 2018 or to the kind of plant itself. However, the polymer
Pi in its improved form had better effects on plant growth.
Although the number of stalks was the same with and without
this polymer, the improved polymer showed significantly
higher biomass sums in shoot and root biomass.

The improved Pi in combination with O increased the grain
yield in terms of their number and mass more than the
commercially available product. In addition, plants with the
addition of Pi showed higher chlorophyll values than the
drought stress variant (DS) throughout the trial period.
However, when using the commercially available polymer,
these values fluctuated continuously.

4.2. Comparison of Growth Success Using Soil Amendments
vs. Irrigation

To make statements about the recommended method to use
during long dry periods, it is useful to compare the
well-watered plants with plants that lacked water but were
grown in amended soil.

The expected differences in the soil moisture caused by the
different water applications were presented in the previous
section. Comparing the growth success, the plants grew much
higher receiving irrigation rather than soil amendments. This
was not desirable, because the likelihood of bending over was
much higher. Lower plants are better for harvesting. Therefore,
the use of growth inhibitors can also be spared in agriculture.
The number of stalks in all plants receiving O and/ or P was
much higher than those that were irrigated. If there are more
stalks, there can be more spikes and finally more grain yield.
This is independent of the plants’ height.

The most important factor for farmers and food security is
the yield. Compared to the fully irrigated plants, the best
option, when using soil amendments, is the sole use of organic
amendment O or in combination with Pi. Two-thirds of the
yield can be achieved by using around 55 L/m? less water per
month. Further studies could analyze whether a slight increase
in the amount of irrigation also increases the yield. Using
polymers alone showed no success and is therefore not
recommended. Moreover, the normal polymer P in
combination with the organic O did not yield greater success
than the improved polymer (Table 9).

A by-product of the wheat biomass is the straw, which can
be used as bedding for the animals. Therefore, the biomass
production is also important. The combination of both soil
amendments analyzed here led to higher biomass production
than the single use of either one of them alone. When using the
organic O in combination with Pi, the biomass is higher than
in the irrigation row. The dry masses of wheat plants in pots
with both soil amelioration products corresponded to 75% of
well-irrigated plants, the biomass to 65% (see Figure 5).

The water content of the plants at harvest time was slightly
increased by the combined use of both soil amelioration
products. This, however, was not intended. A dry state is

better for processing after harvest. However, premature
senescence is not beneficial. If the plants dry out too early, the
grains can drop out of the ears.

The chlorophyll values of the plants can give information
about the production status. Well-irrigated plants reached a
low chlorophyll value earlier than the plants that grew in soil
with additives. This can be an advantage or a disadvantage. If
the chlorophyll value is low, the growing processes are low,
too. However, there was no senescence reached using only
polymers. In contrast, the organic amendment only shifted the
reduction of the chlorophyll values by a few days.

The combination of both soil amendments seems to be the
best option. Higher and longer-lasting chlorophyll values were
observed during the growing period. The values decreased at
the normal harvest time in July (Figure 3). Especially in 2018,
the irrigated plants reached senescence already in June due to
the high temperatures, which was too early. Plants with
drought stress stayed vital longer. Therefore, harvesting was
necessary.

In summary, by using the analyzed soil amendments,
shorter plants with more stems were achieved, producing
more biomass and postponing senescence. From a practical
point of view, these findings seem to be advantageous
compared to irrigation. Only the number of grains was lower,
but the grains themselves were larger. This is desirable for the
production of cereals and is also a quality parameter indicating
higher protein and starch content. As roughage, grain straw
has nutritional properties and, in addition to hay, is an
alternative to young or especially renewable grass [76].

The analyzed soil amelioration products have a high
potential for reducing drought stress impact in the plants. Due
to varying soil properties, treatments might result in very
different outcomes. Therefore, the application of soil
supplements has to be adapted to the properties of the treated
soil and the crop. However, their substrate-specific mixture is
important. All the statements here are valid for loamy sand.
Their effect in clayey soil should be analyzed if there is a lack
of organic material.

In the context of the experiment, it should be noted that this
was a pot experiment. As a result of the experimental
conditions, these are subject to a varied influence of the
control parameters of radiation, temperature, wind and
humidity. Due to their growth in pots, the plants are subject to
greater dehydration than in the field. The plants cannot use all
of their capillary water. Winter wheat, however, normally
roots up to 1.80 m deep and can therefore use even deeper
water resources in the field [77].

5. Conclusion

The aim of this study was to test whether the combination of
an organic soil amendment and polymers can provide a
reasonable strategy for water-saving management of winter
wheat. The following conclusions can be drawn from the
experiments during the three vegetation periods:

The two soil amelioration products together led to better
growing results for the plants compared to their separate use.
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They delayed the onset of senescence.

The wheat plants consistently showed higher chlorophyll
content if soil amendments were used, independent of the soil
amendment.

The polymeric component Pi had no considerable influence
on increasing biomass. The improved hydrogel (Pi) compared
to the commercial P together with the organic amendment
yielded higher biomass.

The combined application of O and Pi increased the grain
yield in terms of mass and number during drought stress
despite the lower growth height of the wheat plants. It was
possible to achieve 55 to 70% of the yield compared to
irrigation. This was mostly caused by the organic soil
amendment.

The use of the analyzed products in the pot experiment
showed advantages in terms of lower height, more stalks and
biomass compared to irrigation.

From these results, conclusions can be drawn regarding the
use of the analyzed soil amendments O and Pi. O improved the
physical, chemical and biological properties of the sandy soil
substrate. The sole use of hydrogelic components P or Pi in
agricultural sandy soil is not recommended. There was no
benefit in terms of yield or growth height. However, it could
be used as an alternative to growth inhibitors. Its effects over
the years should still be investigated.

The combined use of both soil amendments is
recommended if the aim is to increase the biomass with less
irrigation. Irrigation seems an easier method. The resulting
costs have to be taken into account, as well as the use of
groundwater reserves. These are particularly important in the
future, when dry years will occur more frequently.

The study plants in the pot experiments were two types of
winter wheat. Nevertheless, the results can be transferred to
cereals with the same course of vegetation stages, such as
barley, oats, triticale or rye. The statements from the results
only apply to the use of soil amelioration products if
germination has already occurred. Possibilities for further
research might involve experiments with spring wheat and
thus the use of soil amelioration products before germination
of the plants. This is important, because the soil amendments
should be in the soil for several years. Both supplements led to
an increase in biomass. For this reason, their use is also
conceivable in crops in which the above-ground biomass is
harvested, such as lettuce or cucumber.

In the future, investigations into the protein content of the
grains or the baking properties of the flour could also be
carried out. This will be an important requirement for wheat in
the future. The introduction of the examined soil amendments
is expected to last for at least 5 years. After that, it might be
necessary to add them again. Soil amelioration products save
only water, but also fertilizer, ploughing work and thus fuel,
personnel and equipment rental costs. To evaluate the pay-off
of the soil amendments, an economic calculation of the costs
and benefits over a period of several years should be
undertaken. Furthermore, farmers should be sensitized to the
use of these additives. Especially in the course of climate
change, a combination or replacement of chemical fertilizers

Organic and Hydrogel Soil Amendments for Winter Wheat Adaption to Drought Stress

will be necessary. An area-specific use of these components in
locations with reduced yields makes sense.

This would make it possible in the future to achieve higher
yields by saving on irrigation volume, even in unfavorable
weather conditions with long dry phases and to further secure
the food supply for the population. This approach can help
secure long-term stable agricultural yields, especially given
changing amounts and intensities of precipitation as well as
temperature conditions in the future.

Acknowledgements

I would like to thank the companies who were involved in
the survey for this research project: Leibniz Institute for
Agricultural Engineering and Bioeconomy (ATB) for the
possibility to wuse their location, soil and seeds and
InterEnviroCon GmbH (IEC) for providing the soil
amendments for the research. Without their input, the survey
could not have been successfully conducted. I would also like
to thank Henrikje Kruse for the support of data acquisition in
the three trial years.

References

[1] Klingholz, R. Bevolkerungswachstum: Bildung ist die Losung.
Biol. Unserer Zeit 2018, 48, 3644, doi:
10.1002/biuz.201810638.

[2] Badenschier, F.; Giirke, B. Nicht genug Getreide fiir alle -
Klimawandel ldsst Menschen hungern, 2013.

[3] Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme
weather disasters on global crop production. Nature 2016, 529,
84-87, doi: 10.1038/nature16467.

[4] Bodner, G.; Nakhforoosh, A.; Kaul, H.-P. Management of
crop water under drought: a review. Agronomy for
Sustainable Development 2015, 35, 401442, doi:
10.1007/s13593-015-0283-4.

[5] Sprengelmeyer, L. Stand: 25.06.2019 11:15 Uhr - DIE
REPORTAGE Wo der Klimawandel Deutschlands Boden
austrocknet, 2019.

[6] Namirembe, S.; Brook, R. M.; Ong, C. K. Manipulating
phenology and water relations in Senna spectabilis in a water
limited environment in Kenya. Agroforestry Systems 2009, 75,
197-210, doi: 10.1007/s10457-008-9169-7.

[7] Fahad, S.; Bajwa, A. A.; Nazir, U.; Anjum, S. A.; Farooq, A.;
Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al.
Crop Production under Drought and Heat Stress: Plant
Responses and Management Options. Front. Plant Sci. 2017, 8,
doi: 10.3389/fpls.2017.01147.

[8] Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S. M.
A. Plant drought stress: effects, mechanisms and management.
Agron.  Sustain. Dev. 2009, 29, 185-212, doi:
10.1051/agro:2008021.

[91 Schildbach, R. Getreide und Braugetreide - weltweit. Arten,
Sorten, Anbau, Ziichtung und Verarbeitung in der
Landwirtschaft, Lebensmittel-, Brau- und Getrdnkeindustrie, 1.
Aufl.; VLB: Berlin, 2013, ISBN 9783921690758.



[10]

[11]

[12]

[13]

[14]

[15]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

American Journal of Agriculture and Forestry 2022; 10(5): 181-198

Ozturk, A.; Aydin, F. Effect of Water Stress at Various
Growth Stages on Some Quality Characteristics of Winter
Wheat. Journal of Agronomy and Crop Science 2004, 190,
93-99, doi: 10.1046/j.1439-037X.2003.00080.x.

Flexas, J.; Bota, J.; Loreto, F.; Cornic, G.; Sharkey, T. D.
Diffusive and metabolic limitations to photosynthesis under
drought and salinity in C(3) plants. Plant Biology 2004, 6,
269-279, doi: 10.1055/s-2004-820867.

Rucker, K. S.; Kvien, C. K.; Holbrook, C. C.; Hook, J. E.
Identification of Peanut Genotypes with Improved Drought
Avoidance Traits 1. Peanut Science 1995, 22, 14-18, doi:
10.3146/pnut.22.1.0003.

Blum, A.; Johnson, J. W. Transfer of water from roots into dry
soil and the effect on wheat water relations and growth. Plant
and Soil 1992, 145, 141-149, doi: 10.1007/BF00009550.

Balla, K.; Rakszegi, M.; Li, Z.; Békés, F.; Bencze, S.; Veisz,
O. Quality of winter wheat in relation to heat and drought
shock after anthesis. Czech Journal of Food Sciences 2011, 29,
117-128, doi: 10.17221/227/2010-CJFS.

Cui, Y.; Tian, Z.; Zhang, X.; Muhammad, A.; Han, H.; Jiang,
D.; Cao, W.; Dai, T. Effect of water deficit during vegetative
growth periods on post-anthesis photosynthetic capacity and
grain yield in winter wheat (Triticum aestivum L.). Acta
Physiologiae ~ Plantarum 2015, 37, 196-206, doi:
10.1007/s11738-015-1944-2.

Baher, Z. F.; Mirza, M.; Ghorbanli, M.; Bagher Rezaii, M.
The influence of water stress on plant height, herbal and
essential oil yield and composition in Satureja hortensis L.
Flavour and Fragrance Journal 2002, 17, 275-277, doi:
10.1002/11j.1097.

Colom, M. R.; Vazzana, C. Drought stress effects on three
cultivars of Eragrostis curvula: photosynthesis and water
relations. Plant Growth Regulation 2001, 34, 195-202, doi:
10.1023/A:1013392421117.

Weigel, H.-J.; Manderscheid, R. Temperaturen und
Niederschldge verdndern sich: Wie wirkt dies auf die
Landwirtschaft und welche Anpassungsmoglichkeiten bestehen?;
sozio-Okonomische Aspekte: Gewinner und Verlierer, o. J.
https://www.klima-warnsignale.uni-hamburg.de/wp-content/uplo
ads/2014/05/weigel manderscheid.pdf (accessed on 7 January
2020).

Rashtbari, M.; Alikhani, H. A.; Ghorchiani, M. Effect of
vermicompost and municipal solid waste compost on growth
and yield of canola under drought stress conditions.
International Journal of Agriculture: Research and Review
2012, 2, 395-402.

Fereres, E.; Soriano, M. A. Deficit irrigation for reducing
agricultural water use. J. Exp. Bot. 2007, 58, 147-159, doi:
10.1093/jxb/erl165.

Handbuch der Bodenkunde; Blume, H.-P.; Stahr, K.; Fischer,
W.; Guggenberger, G.; Horn, R.; Frede, H.-G.;
Felix-Henningsen, P., Eds.; Wiley-VCH Verlag GmbH & Co.
KGaA: Weinheim, Germany, 2014, ISBN 9783527678495.

Aravind, K. R.; Raja, P.; Pérez-Ruiz, M. Task-based
agricultural mobile robots in arable farming: A review.
Spanish Journal of Agricultural Research 2017, 15, e02R01,
doi: 10.5424/sjar/2017151-9573.

Voutos, Y.; Mylonas, P.; Katheniotis, J.; Sofou, A. A Survey on

[24]

[25]

[26]

[27]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

196

Intelligent Agricultural Information Handling Methodologies.
Sustainability 2019, 11, 3278, doi: 10.3390/sul1123278.

Redwitz, C. v.; Glemnitz, M.; Hoffmann, J.; Brose, R.; Verch,
G.; Barkusky, D.; Saure, C.; Berger, G.; Bellingrath-Kimura,
S. Microsegregation in Maize Cropping—a Chance to
Improve Farmland Biodiversity. Gesunde Pflanzen 2019, 71,
87-102, doi: 10.1007/s10343-019-00457-7.

Lassoued, R.; Macall, D. M.; Hesseln, H.; Phillips, P. W. B.;
Smyth, S. J. Benefits of genome-edited crops: expert opinion.
Transgenic Res. 2019, 28, 247-256, doi:
10.1007/s11248-019-00118-5.

Deng, X.; Shan, L.; Inanaga, S.; Ali, M. E. Highly efficient
use of limited water in wheat production of semiarid area*.
Progress in Natural Science 2003, 13, 881-888, doi:
10.1080/10020070312331344590.

Kumar, A. Characteristics of Various Soil Amendments. In
Amelioration Technology for Soil Sustainability; Wang, Y.,
Rathoure, A. K., Eds.; IGI Global, 2019; pp 1-12, ISBN
9781522579403.

Verordnung iiber das Inverkehrbringen von Diingemitteln,
Bodenhilfsstoffen, Kultursubstraten und Pflanzenhilfsmitteln.
Bundesgesetzblatt, 2012; S. 2482 (Nr. 58)).

Abbas, Q.; Liu, G.; Yousaf, B.; Ali, M. U.; Ullah, H.; Mujtaba
Munir, M. A.; Ahmed, R.; Rehman, A. Biochar-assisted
transformation of engineered-cerium oxide nanoparticles:
Effect on wheat growth, photosynthetic traits and cerium
accumulation. Ecotoxicol. Environ. Saf. 2020, 187, 109845,
doi: 10.1016/j.ecoenv.2019.109845.

Schneider, A.; Hirsch, F.; Bonhage, A.; Raab, A.; Raab, T.
The soil moisture regime of charcoal-enriched land use legacy
sites. Geoderma 2020, 366, 114241, doi:
10.1016/j.geoderma.2020.114241.

Barral Silva, M. T.; Silva Hermo, B.; Garcia-Rodeja, E.;
Vazquez Freire, N. Reutilization of granite powder as an
amendment and fertilizer for acid soils. Chemosphere 2005,
61, 993-1002, doi: 10.1016/j.chemosphere.2005.03.010.

J,J; A Y,P; 1, R; A, W.; W, S. Moisture and Nutrient
Storage Capacity of Calcined Expanded Shale. In Principles,
Application and Assessment in Soil Science; Ozkaraova
Gungor, B. E., Ed.; InTech, 2011, ISBN 978-953-307-740-6.

Ullmann's Encyclopedia of Industrial Chemistry; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2000,
ISBN 3527306730.

Saletnik, B.; Zagula, G.; Bajcar, M.; Czernicka, M.; Puchalski,
C. Biochar and Biomass Ash as a Soil Ameliorant: The Effect
on Selected Soil Properties and Yield of Giant Miscanthus
(Miscanthus x giganteus). Energies 2018, 11, doi:
10.3390/en11102535.

Spaccini, R.; Cozzolino, V.; Di Meo, V.; Savy, D.; Drosos, M.;
Piccolo, A. Bioactivity of humic substances and water extracts
from compost made by ligno-cellulose wastes from
biorefinery. Sci. Total Environ. 2019, 646, 792-800, doi:
10.1016/j.scitotenv.2018.07.334.

Akhzari, D.; Pessarakli, M. Effects of vermicompost and urea
fertilizers on qualitative and quantitative characteristics of
Vetiveria zizanioides stapf. grown under drought stress
conditions. Journal of Plant Nutrition 2017, 40, 2063-2075,
doi: 10.1080/01904167.2017.1346126.



197

[37]

[38]

[39]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[50]

Sandra Muenzel:

Bhardwaj, A. K.; Shainberg, 1.; Goldstein, D.; Warrington, D.
N.; J. Levy, G. Water Retention and Hydraulic Conductivity
of Cross-Linked Polyacrylamides in Sandy Soils. Soil Sci. Soc.
Am. J. 2007, 71, 406—412, doi: 10.2136/ss52j2006.0138.

Wolter, M.; Wiesche, C. i. d.; Zadrazil, F.; Hey, S.; Haselbach,
J; Schnug, E. Biologische Abbaubarkeit synthetischer
superabsorbierender ~ Bodenhilfsstoffe. =~ Landbauforschung
Volkenrode 2002, 52, 43-52.

Baasiri, M.; Ryan, J.; Mucheik, M.; Harik, S. N. Soil
application of a hydrophilic conditioner in relation to moisture,
irrigation frequency and crop growth. Communications in Soil
Science and Plant Analysis 1986, 17, 573-589, doi:
10.1080/00103628609367736.

Banedjschafie, S.; Herzog, H. Wirkungen eines polymeren
Bodenverbesserers auf die Ertragsbildung von Hirse unter
ariden Bedingungen. Journal of Agriculture and Rural
Development in the Tropics and Subtropics 2006, 55-66.

Li, Y.; Shi, H.; Zhang, H.; Chen, S. Amelioration of drought
effects in wheat and cucumber by the combined application of
super absorbent polymer and potential biofertilizer. Peer]
2019, 7, 6073, doi: 10.7717/peerj.6073.

Azizi, B. Sustainability of Soil Moisture and Reduce Fertilizer
Soaking Using Nature-Friendly Hydrogels to Improve and
Promote Cultivating. Amazonia Investiga 2018, 7, 243-252.

Farrell, C.; Ang, X. Q.; Rayner, J. P. Water-retention additives
increase plant available water in green roof substrates.

Ecological  Engineering 2013, 52, 112-118, doi:
10.1016/j.ecoleng.2012.12.098.
Geesing, D.; Schmidhalter, U. Influence of sodium

polyacrylate on the water-holding capacity of three different
soils and effects on growth of wheat. soil use manage 2004, 20,
207-209, doi: 10.1111/5.1475-2743.2004.tb00359.x.

Barvenik, F. W. Polyacrylamide characteristics related to soil
applications. Soil Science 1994, 158, 235-243, doi:
10.1097/00010694-199410000-00002.

Deutscher Wetterdienst. Deutschlandwetter im Jahr 2018:

2018 — ein auBlergewdhnliches Wetterjahr mit vielen Rekorden.
https://www.dwd.de/DE/presse/pressemitteilungen/DE/2018/2

0181228 deutschlandwetter jahr2018 news.html  (accessed
on 7 January 2020).

Jacobs, S.; Schifer, D. Wéarmster Sommer seit Beginn der
Aufzeichnungen: Der Sommer geht zu Ende — in Berlin und
Brandenburg war es so heifl wie noch nie. Fiir die kommende
Woche erwartet der Wetterdienst 26 Grad, heute konnte es
noch Unwetter geben. Potsdamer Neueste Nachrichten
[Online], September 1, 2019.
https://www.pnn.de/brandenburg/brandenburg-waermster-som
mer-seit-beginn-der-aufzeichnungen/24965808.html.

Deutscher ~ Wetterdienst. Klima-Pressekonferenz des

Deutschen Wetterdienstes (DWD), 2019.

Yu, H.; Zou, W.; Chen, J.; Chen, H.; Yu, Z.; Huang, J.; Tang,
H.; Wei, X.; Gao, B. Biochar amendment improves crop
production in problem soils: A review. J. Environ. Manage.
2019, 232, 8-21, doi: 10.1016/j.jenvman.2018.10.117.

Thai, T. H.; Bellingrath-Kimura, S. D.; Hoffmann, C.;
Barkusky, D. Effect of long-term fertiliser regimes and
weather on spring barley yields in sandy soil in North-East
Germany. Archives of Agronomy and Soil Science 2019, 28,

[51]

[52]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[63]

Organic and Hydrogel Soil Amendments for Winter Wheat Adaption to Drought Stress

1-15, doi: 10.1080/03650340.2019.1697436.

Kammann, C. I; Linsel, S.; GoBling, J. W.; Koyro, H.-W.
Influence of biochar on drought tolerance of Chenopodium
quinoa Willd and on soil-plant relations. Plant Soil 2011, 345,
195-210, doi: 10.1007/s11104-011-0771-5.

Borchard, N.; Siemens, J.; Ladd, B.; Moller, A.; Amelung, W.
Application of biochars to sandy and silty soil failed to
increase maize yield under common agricultural practice. Soil

and Tillage Research 2014, 144, 184-194, doi:
10.1016/}.5ti11.2014.07.016.

ProPlanta.  Winterweizen  dominiert  Getreidebau in
Brandenburg.

https://www.proplanta.de/agrar-nachrichten/pflanze/winterwei
zen-dominiert-getreidebau-in-brandenburg_article1526018200
.html (accessed on 31 March 2020).

Abid, M.; Tian, Z.; Ata-Ul-Karim, S. T.; Cui, Y.; Liu, Y.;
Zahoor, R.; Jiang, D.; Dai, T. Nitrogen Nutrition Improves
the Potential of Wheat (Triticum aestivum L.) to Alleviate
the Effects of Drought Stress during Vegetative Growth
Periods. Front. Plant Sci. 2016, 7, 981, doi:
10.3389/1pls.2016.00981.

Miinzel, S.; Blumenstein, O. Okologische und nachhaltige
Ergénzungsstoffe ~ fiir ~ Extremstandorte. =~ Forum  der
Geookologie 2012, 23, 48-51.

Kariuki, L. W.; Masinde, P.; Githiri, S.; Onyango, A. N.
Effect of water stress on growth of three linseed (Linum
usitatissimum L.) varieties. Springerplus 2016, 5, doi:
10.1186/s40064-016-2348-5.

InterEnviroCon GmbH. Eigenschaften.
https://bodenbalsam.de/EIGENSCHAFTEN/ (accessed on 16
January 2020).

Bundessortenamt. Beschreibende Sortenliste. Getreide, Mais
Ol- und Faserpflanzen Le-guminosen Riiben Zwischenfriichte.
Online verfligbar, zuletzt gepriift am 16.09.2016., 2013.
www.bundessorten-amt.de/internet30/fileadmin/Files/PDF/bsl
_getreide_2013.pdf.

Climate-Data.org. Klima Potsdam.
https://de.climate-data.org/europa/deutschland/brandenburg/p
otsdam-6406/#climate-Table.

Konica  Minolta. Meter
SPAD-502Plus.

https://wwwS5 konicaminolta.eu/en/measuring-instruments/pro
ducts/colour-measurement/chlorophyll-meter/spad-502plus/sp

ecifications.html (accessed on 4 February 2020).

Spezifikation ~ Chlorophyll

Uddling, J.; Gelang-Alfredsson, J.; Piikki, K.; Pleijel, H.
Evaluating the relationship between leaf chlorophyll
concentration and SPAD-502 chlorophyll meter readings.
Photosyn. Res. 2007, 91, 37-46, doi:
10.1007/s11120-006-9077-5.

McAndrew, D. W.; Demars, D. J. E.; Biederbeck, V. O.;
Campbell, C. A. Assessment of agrispon, a microbial soil
supplement, on cereal production. Canadian Journal of Plant
Science 1984, 64, 607-615, doi: 10.4141/cjps84-085.

Akhzari, D.; Aghbash, F. G. Effect of Salinity and Drought
Stress on the Seedling Growth and Physiological Traits of
Vetiver Grass (Vetiveria zizanioides stapf.). Ecopersia 2013, 1,
339-352.



[64]

[65]

[66]

[67]

[70]

American Journal of Agriculture and Forestry 2022; 10(5): 181-198

Asseng, S.; Ritchie, J. T.; Smucker, A. J. M.; Robertson, M. J.
Root growth and water uptake during water deficit and
recovering in wheat. Plant and Soil 1998, 201, 265-273, doi:
10.1023/A:1004317523264.

Flexas, J.; Bota, J.; Cifre, J.; Escalona, J. M.; Galmes, J.;
Gulias, J.; Lefi, E. K.; Martinez-Canellas, S. F.; Moreno, M.
T.; Ribas-Carbo, M.; et al. Understanding down-regulation of
photosynthesis under water stress: future prospects and
searching for physiological tools for irrigation management.
Annals of Applied Biology 2004, 144, 273-283, doi:
10.1111/j.1744-7348.2004.tb00343 x.

Yara. Néhrstoffversorgung in den Wachstumsstadien bei
Weizen.
https://www.yara.de/pflanzenernachrung/weizen/naehrstoffver
sorgung-wachstumsstadien/ (accessed on 25 April 2020).

Gong, J. R.; Zhao, A. F.; Huang, Y. M.; Zhang, X. S.; Zhang,
C. L. Water relations, gas exchange, photochemical efficiency,
and peroxidative stress of four plant species in the Heihe
drainage basin of northern China. Photosynthetica 2006, 44,
355-364, doi: 10.1007/s11099-006-0036-3.

Paul, L. C.; Metzger, J. D. Impact of Vermicompost on
VegeTable Transplant Quality. Hortscience 2005, 40, 2020-
2023, doi: 10.21273/HORTSCIL.40.7.2020.

Bachman, G. R.; Metzger, J. D. Physical and Chemical
Characteristics of a Commercial Potting Substrate Amended
with Vermicompost Produced from Two Different Manure
Sources. Horttechnology 2007, 17, 336-340, doi:
10.21273/HORTTECH.17.3.336.

Berova, M.; Karanatsidis, G. Influence of bio-fertilizer,
produced by Lumbricus rubelluson growth, leaf gasexchange
and photosynthetic content of pepper plants (Capsicum

[71]

[72]

(73]

[74]

[75]

[76]

[77]

198

annuum L.). Acta Horticulturae 2009, 447-452, doi:
10.17660/ActaHortic.2009.830.63.

Ali, M.; Griffiths, A. J.; Williams, K. P.; Jones, D. L.
Evaluating the growth characteristics of lettuce in
vermicompost and green waste compost. European Journal of
Soil Biology 2007, 43, S316-S319, doi:
10.1016/j.ejs0bi.2007.08.045.

Lazcano, C.; Dominguez, J. Effects of vermicompost as a
potting amendment of two commercially-grown ornamental
plant species. Spanish Journal of Agricultural Research 2010,
8, 1260, doi: 10.5424/sjar/2010084-1412.

Kumar, A.; Sharma, S.; Mishra, S. Application of farmyard
manure and vermi-compost on vegetative and generative
characteristics of Jatropha curcas. Journal of Phytology 2009,
1,206-212.

Joshi, R. Vermicompost as soil supplement to enhance growth,
yield and quality of Triticum aestivum L.: a field study.
International Journal of Recycling of Organic Waste in
Agriculture 2013, 2.

Joshi, R.; Singh, J.; Vig, A. P. Vermicompost as an effective
organic fertilizer and biocontrol agent: effect on growth, yield
and quality of plants. Reviews in Environmental Science and
Bio/Technology 2015, 14, 137-159, doi:
10.1007/s11157-014-9347-1.

Weyrauch, S. Stroh- mehr als nur Einstreu: Stroh liefert
Energie, verbessert die Verdauung und enthidlt wenig Eiwei3
(accessed on 24 April 2020).

Guddat, C.; Degner, J.; Marschall, K.; Zorn, W. Leitlinie zur
effizienten und umweltvertr'aglichen Erzeugung von
Winterweizen. http://www.tll.de/www/daten/



